We propose that the diphoton resonance signal indicated by the recent LHC data might also arise from the pair productions of vector-like heavy down-type quarks with mass around 750 GeV and above. The vector-like quark decays into an ordinary light quark and a Standard Model singlet scalar. The subsequent decay of scalar singlet produces the diphoton excess. Both the vector-like quark and singlet scalars appear naturally in the E 6 , and their masses can be in the TeV scale with a suitable choice of symmetry breaking pattern. The prediction of such a proposal would be to see an accompanying dijet signal at the same mass with similar cross section in the 2γ + 2j final state and two dijet resonances at the same mass for a 4j final state with a cross section, about 100 times larger. Both predictions can be tested easily as the luminosity accumulates in the upcoming runs of the LHC.
I. INTRODUCTION
Recent observation of diphoton excess at 750 GeV is the only tentative new physics at the LHC so far [1, 2] . This observation is reinforced when combined with data of the early 13 TeV run with that of events collected at 8 TeV, though the significance is not large enough to claim any discovery [3, 4] . The diphoton excess cross section is in the range of 3 − 10 femtobarns (fb), with a resonance width which can be small (around a GeV) or large (around 45 GeV).
A significant number of papers have proposed a solution by assuming the gauge extensions of the Standard Model (SM) symmetry [5, 6] which results in the required new particle set that can fit the diphoton excess. A large number of these papers have a model with TeVscale breaking U(1) where the scalar and exotic fermions carry non-trivial charges under the new U(1) [5] . In most of the works the singlet scalar is produced by two gluons through the vector-like quark triangle loop (similar to the SM Higgs production via the top quark loop). Then the singlet scalar decays into two photons (as well as more dominantly to two gluons) again via the heavy vector-like fermion loops. One drawback of this scenario is that the Yukawa coupling of Q to S, yQ QS , required is non-perturbative to explain the observed level of cross section, or many copies of such Q's need to be introduced. In general, this kind of approach explains why the vector-like fermions are around the TeV scale.
In this work, we propose an alternative production mechanism for this observed diphoton excess which can complement the standard production mode mentioned above or have a significant event rate by itself. Our mechanism is that the singlet scalar producing this diphoton signal comes from the decay of a heavy down-type quark xd which is a color triplet and an SU(2) singlet with an electric charge of −1/3. This heavy down-type exotic quark is pair produced dominantly from two gluons via strong interactions. There are two things which help us in increasing the cross section. The xd xd pair production cross section is much larger than the singlet scalar production via the xd loop (unless the Yukawa coupling of the scalar is somewhat greater than unity). Also, three such xd and xd quarks naturally appear in our model based on E 6 from three fermion families. The singlet scalar is also naturally present. The pattern of symmetry breaking that we shall use gives the singlet scalar mass which is close to the xd-quark mass. The version of E 6 model that we use will be discussed in the next section.
One thing we want to emphasize is that the vector-like quark and singlet scalar, which we are using to explain the diphoton excess, are not postulated in an ad-hoc manner for this purpose, but these particles are already present in the E 6 grand unified model. All we do is to use the appropriate symmetry breaking pattern so that one U(1) in addition to the SM gauge symmetry remain unbroken at the TeV scale or even higher. The quantum numbers of all the particles are fixed from the E 6 symmetry. Because of the underlying E 6 symmetry, in addition to explaining the diphoton excess, we have several predictions. Along with the diphoton resonant signal, we will also have events which have both the diphoton resonance as well as a dijet resonance with similar level of cross sections. Also we shall have events with two dijet resonance at the same mass but with cross section about 100 times the diphoton resonance. These predictions can be tested as more data accumulates at the upcoming 13 TeV LHC runs.
In section II below, we discuss our model and the formalism. In section III, we discuss the phenomenology of our model. This includes the details of how our model can explain the diphoton excess, and the other predictions that can be tested in near future. Section IV contains our conclusions and discussions.
II. THE MODEL AND THE FORMALISM
Our effective symmetry at the TeV scale is the SM together with an extra U (1) ′ . This extra U (1) ′ is a special subgroup of the E 6 Grand Unified Theory (GUT) [7] [8] [9] [10] [11] [12] [13] [14] . We use non-supersymmetric E 6 . E 6 is special in the sense that it is anomaly free, as well as has chiral fermions. Its fundamental representation reduces under SO(10) as
The representation 16 contains the 15 SM fermions, as well as a right handed neutrino.
It decomposes under SU(5) as
The 10 representation under SU(5) decomposes as
The 5 contains a color triplet and a SU(2) L doublet, whereas5 contains a color antitriplet and another SU(2) doublet, and the 1 is a SM singlet. The gauge boson is contained in the adjoint 78 representation of E 6 .
The particle content of the 27 representation, which contains the SM fermions as well as the extra fermions, are shown in the first two columns of Table I . For three families of fermions, we use three such 27. The E 6 gauge symmetry can be broken as follows [15, 16] ,
(1) The U(1) ψ and U(1) χ charges for the E 6 fundamental 27 representation are also given in Table I .
The U(1) ′ is one linear combination of the U(1) χ and U(1) ψ
The other U(1) gauge symmetry from the orthogonal linear combination as well as the SU (5) is broken at a high scale. This will allow us to have a large doublet-triplet splitting scale, which prevents rapid proton decay if the E 6 Yukawa relations were enforced. This will need either two pairs of (27, 27) and one pair of (351 ′ , 351 ′ ) dimensional Higgs representations, or one pair of (27, 27), 78, and one pair of (351 ′ , 351 ′ ) dimensional Higgs representations (Detailed studies of E 6 theories with broken Yukawa relations can be found in [17, 18] .) For our model, the unbroken symmetry at the TeV scale is
We explain our convention in some details as given in Table I . Our notation is similar to what is used in the supersymmetric case. We have denoted the SM quark doublets, right-handed up-type quarks, right-handed down-type quarks, lepton doublets, right-handed charged leptons, and right-handed neutrinos as 
′ gauge symmetry. Here, the correct U(1) ′ charges are the U (1) ′ charges in the Table divided by 4 √ 15.
The Higgs potential needed for our purpose giving rise to the extra U(1) symmetry breaking is
Note that without the term σST 2 , there are two global U(1) symmetries for the complex phases of S and T . After S and T obtain the Vacuum Expectation Values (VEVs), we have two Goldstone bosons, and one of them is eaten by the extra U(1) gauge boson. Thus, to avoid the extra Goldstone boson, we need the term σST 2 to break one global symmetry.
Then we are left with only one global symmetry in the above potential, which is the extra U(1) ′ gauge symmetry. Thus, after S and T acquire the VEVs, the U(1) ′ gauge symmetry is broken, and S and T will be mixed via the λ ST |S| 2 |T | 2 and σST 2 terms.
The Yukawa couplings in our models are
where i = 1, 2, 3. Thus, after S and T obtain VEVs or after U ( After U (1) ′ gauge symmetry breaking, we obtain two CP-even Higgs fields s h and t h , and one CP-odd Higgs field a h by diagonalizing the mass matrices of S and T . Thus, we can have one, two, or three 750 GeV resonances of which the most likely candidate would be the s h as it will have the strongest coupling to the vector-like fermions. Although it looks equally probable to have a mixture of any of the aforementioned fields to be the observed resonance in the diphoton mode, there is also the possibility that one can have additional sources for the observed resonance. There is a viable region of the parameter space in our model where the pair production of the vector-like fermions, (XD c i , XD i ), and their subsequent decays to any of the scalars, s h , t h or a h will give rise to the diphoton and other observable signals. The phenomenology of the model is discussed in the next section.
We note that the supersymmetric E 6 GUT has also been used in Ref. [19] , but our model is non-supersymmetric. And more importantly we address an additional mechanism for producing the diphoton excess and associated signals, and therefore the subsequent predictions are entirely different from theirs.
We note that the U (1) ′ gauge boson couples to all the SM fields in addition to the new matter and scalar fields. The covariant derivatives for the SU(2) L doublet and the singlet scalars are given by
where
. The mass square matrix for the neutral gauge boson sector in the (W 3 , B, Z ′ ) basis is then given as
and
where the v i s represent the VEVs of the scalar multiplets. Thus, we can clearly see that the new gauge boson mass is dependent on the VEVs of all the scalars, such that one can choose one singlet VEV to be much smaller than the other and still have a very heavy Z ′ that evades the existing limits. Moreover, the mixings between W 3 /B and Z ′ will be zero at tree level if v u = 2v d .
The VEVs of the SU(2) doublet scalars determine the SM gauge boson masses and
u ≃ 246 GeV. The structure for the VEVs is given as
which leads to the following mass matrix for the down-type quarks and the charged leptons in the (q 1 , q 2 , q 3 , xq 1 , xq 2 , xq 3 ) basis is given as
where i, j = 1, 2, 3. The q i s and xq i s represent the down-type quarks for the left matrix and the leptons for the right matrix. These mass matrices would be diagonalized by a bi-unitary transformation which would lead to a mixing between the vector-like fermions and the SM fermions. However, one should note that the mixings between the left-handed fermions and the right-handed fermions will be dictated by a different set of mixing angles. This would have significant implications in the rest of our analysis and plays a crucial role in the signal we have proposed.
We should also point out a few useful assumptions that we think are relevant for the analysis:
1. We have neglected any mixing between the electroweak doublet scalars and singlet scalars.
2. We also ensure that the new U(1) ′ gauge boson does not have a significant mixing with the SM gauge boson Z (M 13 , M 23 << M 33 ).
3. The mixings between the left-handed SM fermions and the vector-like fermions are taken to be zero, i.e., we assume the zero left-mixing angle (θ L = 0). This will insure that the vector-like fermions do not decay to the SM gauge bosons and light SM fermions [20] , thus allowing the only significant channel that would be the decay to a scalar (s h , t h ) and SM fermion. One can also get a very suppressed partial width (due to the smallness of the Yuakawa couplings courtesy the masses of the SM down-type quarks and leptons) that decays to a SM Higgs and light SM fermion, through the mixings in the right-handed fermion sector.
III. ANALYSIS
The diphoton signal in our model can arise from several possibilities of the particle spectrum as well as in two different production channels. Note that the most popular option in the literature in explaining the diphoton excess has been through the on-shell production of a 750 GeV resonance via gluon fusion which then decays to diphotons. Therefore we must point out that such a possibility clearly exists in our model description. We shall show that what part of the parameter space is best suited for the aforementioned explanation of the diphoton excess and what sort of masses and couplings are required for the new exotics to satisfy the experimental data. Notwithstanding this possibility, we wish to also highlight a new channel of production that can also give rise to the diphoton excess signal and predict an accompanying dijet resonance at the same mass in the same signal events. This would be possible through the pair production of vector-like quarks which is heavier but very close in mass to one of the scalars which has mass of 750 GeV. The pair produced exotic quarks then decay to this 750 GeV scalar and a very soft jet, which is not detected. So we get a pair of these 750 GeV scalars which then decay to either a gluon pair or a diphoton pair.
We believe that such a possibility, which exists for a range of the VLQ mass that nearly degenerates with the resonant scalar mass and yet is searched for by the LHC experiments, should show itself with a closer scrutiny of the events along with the new events being collected. We now take up these two possible channels and analyze the diphoton signal for different parameter choices of the model. To calculate the several branching fractions of the new exotic particles and signal cross sections we have used the CalcHEP event generator [21] .
We have implemented the model in LanHEP [22] to create the model files for CalcHEP.
Note that the analysis will vary depending on the number of vector-like fermions we might possibly have at sub-TeV masses. The colored vector-like fermions participate in both the production channels while the non-colored one's help in increasing the diphoton branching fraction of the scalar. We shall consider three different scenarios:
• Only one vector-like quark with mass around a TeV while all the remaining vector-like fermions have mass of 1.5 TeV.
• One vector-like quark and one vector-like lepton having TeV mass while the remaining have mass of about 1.5 TeV.
• One vector-like quark and two vector-like degenerate leptons having TeV masses while again the rest of them have mass at 1.5 TeV.
Note that the choice of a fixed scale of 1.5 TeV mass for the vector-like fermions is made as it helps in expressing our results in terms of the singlet scalar VEV of S given by v s which gives the mass to the vector-like fermions as
In addition, it helps us in scanning a range for v s such that the perturbative limit of the Yukawa couplings (taken as y ii / √ 2 < √ 4π) is not violated. Therefore, a shift in the choice of the mass of the heaviest vector-like fermion would imply that v s can be varied over a different range. This gives us the necessary dynamics to understand how the signal strength gets affected by the choice of the mass of the vector-like fermion.
To study the final states we specify here the parameters that are relevant for the analysis.
The vector-like quarks and leptons are represented as xd i and xℓ i respectively. As pointed out earlier, the VEVs for S and T which are given by v s and v t respectively play a significant role in giving mass to the U(1) ′ gauge boson, which we call Z ′ . We take the mass of Z ′ to be 1.5 TeV, and fix the value of v t to be 10 TeV. Such large value of v t becomes a necessity to avoid a significant mixing in the neutral gauge boson sector. This also forces very small mixing between the scalars s h and t h . This decoupled particle spectrum is somewhat also preferable as the LHC has not observed any other signal other than the diphoton resonance. Note that the new particles in the spectrum can however play a crucial role in determining additional signals for the model at the LHC, which we leave for future analysis as we focus only on the diphoton signal in this work. We consider two types of processes that will contribute to the diphoton production cross section. Note that the experiments have observed a resonance at 750 GeV in the diphoton channel which is best explained by the direct on-shell production in the s-channel as shown in Fig. 1 . For simplicity, we will take all types of Yukawa couplings y A ij to be zero for i = j, where A ≡ T D, T L, SD, SL (see Sec. II).
• pp → s h → γγ Through out the analysis we shall identify this process as diphoton production through resonant s h channel. The parton level Feynman diagram for this process is shown in Fig. 1 and the cross section is given by σ 1 = σ(pp → s h ) × Br(s h → γγ). To study the s h production, the relevant parameters are the VLQ mass and the VEV v s which gives the Yukawa strength of the VLQ interaction with the scalar s h . The loop induced production of the s h depends on its coupling to the massless gluons which is given by the effective Lagrangian
In Eq. 9, λ sgg = α s F 1/2 (τ xd )/(16πv s ) where
represents the loop function and f (τ xd ) = (sin
2 xd . The s h production cross section depends on the VLQ content only and not on the VLL content. For all the three cases we have considered for our analysis, we choose only one VLQ whose mass is varied while the remaining two have mass of 1.5 TeV. Hence for all the three cases the s h production cross section will be same for a given value of M xd 1 . In Fig. 2 we show the leading-order production cross section of the scalar s h as a function of the VEV v s for different values of the lightest VLQ mass. The lower values of v s imply a large Yukawa coupling invariably leading to larger production cross sections. The cross sections are doubled if one takes a QCD K-factor of ∼ 2 as for the SM Higgs boson. In addition, we note that as the lightest VLQ mass is increased to 1.4 TeV, there does not seem to be a significant fall. This is because in all production curves, there is some contributions from the two heavy VLQ's with mass 1.5 TeV. Thus, with even three VLQ's with mass 1.5 TeV, the production cross section can be quite large.
• pp → xd xd → γγ + jets This is the alternative approach that can also contribute to the events of diphoton ex- Note that the production of the xd pair at LHC is dominantly through the gluon-gluon fusion and in Fig. 4 we plot the total pair production cross section (leading-order) of xd at the LHC with √ s = 13 TeV, as a function of M xd with values between 760-800
GeV. The decay xd → s h j leads to a relatvely soft jet and a pair of the 750 GeV scalar s h . The s h can now decay to a pair of photons or gluons. Thus we get a resonant diphoton signal along with multiple jets. The diphoton cross section in this channel is then given by
For our analysis we choose parameters such that Br(xd → s h j) ≃ 1 is ensured when M xd > m s h . We have already discussed in Sec. II why the other usual decay modes of the VLQ are absent in our model. This also ensures that the mass bounds on the VLQ can be significantly relaxed as the dominant decay of the VLQ when M xd < m s h is xd → h j while xd → s h j when M xd > m s h . Note that the decay to the SM gauge bosons will be allowed once we allow the left-handed SM fermions to mix with the VLQ and VLL.
The decay of the scalar into two photons is again dependent on the mass and Yukawa to the diphoton decay. We plot the branching ratio for the scalar s h decaying into a pair of photons in Fig. 5 as a function of the VLL mass for different values of the lightest VLQ mass. For the branching ratio plot, we have considered two degenerate VLL's and one light VLQ while the heaviest VLL and VLQ's have their mass set at 1.5 TeV. Note that including more light VLQ's would boost the production channel for both the production processes (pp → s h and pp → xd xd) but reduces the branching fraction of s h → γγ as the partial width of s h → gg becomes much larger. We therefore now consider the two cases where we have one light VLQ and VLL each, and when we have one light VLQ and two light degenerate VLL's.
A. Diphoton signal
We now proceed to analyse the two production channels for the scalar s h and compare the signal strengths into the diphoton mode. In Fig. 6 we show the contribution to diphoton cross section from s h resonant production channel as a function of v s for different sets of (M xd ,M xl ). Note that the left panel in Fig. 6 corresponds to the case of (one VLQ, one VLL) while the right panel represents (one VLQ, two VLL) whose masses are varied. The curves also represent a variation of the Yukawa coupling which is decreasing from left-to-right and quite clearly, a large value of the coupling is more favorable to generate the correct size of the diphoton signal rate but looks possible even with a VLQ as heavy as 1 TeV and a single light VLL in the spectrum. Note that a reasonable enhancement is possible with appropriate K-factors for the production of s h .
The inclusion of an extra light VLL in the spectrum of similar mass seems to enhance the diphoton rate by about 16% when the VLL's are in the mass range of 400 GeV, as shown in the right panel of Fig. 6 . For the heavier VLL's the difference is hardly noticeable when compared to the case with one light VLL.
We now consider the diphoton rate expected from the pair production of the VLQ's having mass which is near degenerate with the 750 GeV scalar s h . We assume a range of M xd = 760 − 800 GeV to show the inclusive rate for the diphoton signal. In Fig.7 we plot this contribution evaluated at leading-order, to the diphoton signal via xd pair production as a function of M xd being in the range 760 − 800 GeV and for different values of M xℓ for the two cases, (one VLQ, one VLL -left panel) and (one VLQ, two VLL -right panel). Again, we must point out here that a reasonable enhancement is expected from appropriate QCD K-factors for the xd-pair produced through strong interactions. As the production of the VLQ pair as well as its decay are not dependent on the choice of v s or the Yukawa strength, the number of light VLQ's and light VLL's are the major players in determining the event rates here. However, the important thing to note here is that with a very degenerate VLQ and s h , the contributions to the inclusive diphoton rate is quite significant. In principle, inclusion of more generations of the VLQ should give a much enhanced rate for the inclusive diphoton production in this channel which would be clearly observable in its own individuality. Thus, this channel would stand to explain the diphoton excess even when the Yukawa couplings are very small and contributions to the diphoton rate via s h resonant production becomes negligible. However, a simultaneous observation of a dijet resonance at the same mass (750 GeV) would be required to confirm this production mode. Notwithstanding this contribution to the observed diphoton signal, this channel is interesting in its own respect as a confirmatory signal of the low lying spectrum that gives rise to the diphoton resonance, even with the VLQ's much heavier. It also suggests an alternative channel for VLQ searches at the LHC which complements the observed diphoton signal. Note that the contribution will go down with increasing M xd as the xd pair production cross section falls for higher M xd . However, the increase in the number of light VLL's helps in increasing the diphoton branching fraction and signal rate. As long as only a single xd pair production channel is concerned, it is quite clear from Fig. 7 that a very limited range of parameter space is allowed which satisfies the diphoton cross section to be above 3 fb for the K-factor equal to 2. 
IV. CONCLUSIONS
In this work we have considered an E 6 motivated extension of the SM where the larger symmetry groups are broken at a very high scale and a residual U (1) 
FIG. 8:
The combined contribution to the inclusive diphoton production cross section from xd pair production channel and s h resonant production channel as a function of M xd with different choices of (v s , M xl ). The two panels represent the same configurations as in Fig.7 .
U (1) then gets broken at the TeV scale through new scalar SM singlets giving rise to a
TeV scale particle spectrum with three generations of vector-like quarks and leptons and several neutral scalars. We proposed one of the singlet dominated scalar to be the observed 750 GeV resonance and that the diphoton resonance signal indicated by the recent LHC data might also arise from the pair production of vector-like down-type quarks with mass a little bit heavier than 750 GeV scalar. The vector-like quarks decay into the ordinary light quark and 750 GeV SM singlet scalar. The subsequent decay of the scalar singlet produces this diphoton resonance. We also showed that there is a wide range of parameter space in the model that could accommodate the diphoton signal, either through the more popular proposals in the literatures where the scalar is produced as an s-channel resonance through gluon-gluon fusion via VLQ loop-mediated processes as well as the new channel mentioned above. The prediction of such a proposal in the current theoretical framework would imply an accompanying dijet signal at the same mass with similar cross section in the 2γ + 2j final state in addition to two dijet resonances at the same mass for a 4j final state with the cross sections about 100 times larger. Both the predictions would be verifiable as the luminosity accumulates in the upcoming runs of the LHC. We also proposed that the new production channel is a new search mode for vector-like quarks and would severely affect the current limits on vector-like quark mass which rely on its decay to SM gauge bosons and quarks.
Thus, even if the 750 GeV diphoton signal indeed proves to be a fluctuation and does not survive the scrutiny of time and the upcoming high luminosity data at the LHC, the new signal for the VLQ, proposed in this work, could provide to be an interesting channel to search for new physics beyond the SM.
